Background: Idiopathic descent of cerebellar tonsils into the cervical spine in Chiari malformation Type I (CMI) is typically associated with occipital headache. Accumulating evidence from experimental studies suggests cognitive effects of CMI. The aim of the current study was to examine the relationship between cognition and CMI using a battery of standardized neuropsychological and symptom inventory instruments. Method: Eighteen untreated adults with CMI, and 18 gender, age, and education matched healthy controls completed the Repeatable Battery for the Assessment of Neuropsychological Status (RBANS), and standardized measures of pain, mood, and disability. Morphometric measurements of key neural and osseous elements were also obtained from structural brain magnetic resonance images, for correlation with symptom outcomes. Results: CMI patients exhibited deficits in RBANS attention, immediate memory, delayed memory, and total score. After controlling for pain and associated affective disturbance, the significant group effect for RBANS attention remained. CMI patients also presented seven morphometric differences comprising the cerebellum and posterior cranial fossa compartment that differed from healthy controls, some of which were associated with self-reported pain and disability. Notably, group differences in tonsillar position were associated with self-reported pain, disability, and delayed memory. Conclusion: Adult CMI is associated with domain-specific cognitive change, detectable using a standard clinical instrument. The extent of cognitive impairment is independent of pain or affective symptomatology and may be related to the key pathognomonic feature of the condition.
pain and related symptoms. Additionally, attention deficits were found in CMI that were independent of pain and related symptoms. Furthermore, initial links between CMI brain structure, cognitive function, and symptomatology were established.
Keywords: Chiari malformation, cognitive performance, brain morphology, magnetic resonance imaging Chiari malformation Type I (CMI) is a common congenital condition associated with a prevalence slightly more common than multiple sclerosis (Anderson et al., 1992; Speer et al., 2003) . CMI frequently results in compression of the cervico-medullary junction because of idiopathic descent of the cerebellar tonsils into the cervical spinal canal (see Figure 1 ). The ensuing "crowding" of the soft tissue structures at the foramen magnum may result in balance and coordination difficulties, while compression of the cranial portion of the spinal cord and medulla, and/or associated syringomyelia, may produce neurological deficits. Obstruction of cerebrospinal fluid (CSF) flow through the foramen magnum may account for the most common symptom, occipital headache, as each cardiac cycle results in a CSF pressure wave that acts as a "water hammer" (Shaffer, Martin, & Loth, 2011) . CMI is almost never diagnosed without the radiographic identification of tonsillar descent, dysmorphic tonsils and cervicomedullary distortion.
In addition to headache, cognitive effects are also commonly self-reported in CMI Allen et al., 2014; Fischbein et al., 2015) . However, because pain is known to be positively correlated with cognitive dysfunction (e.g., Bushnell, Č eko, & Low, 2013; Moriarty, McGuire, & Finn, 2011) , it is unclear whether cognitive effects in CMI are due to direct effects of CMI pathophysiology (Eshetu et al., 2014; Krishna et al., 2016; Kumar et al., 2011) , or are secondary effects of primary symptomatology. In a first attempt to address this issue, Allen et al. (2014) observed CMI-based deficits in response incongruity after statistically controlling for self-reported pain in a sample of 24 CMI patients and matched controls. In a follow-up study using an independent sample of 341 CMI patients and matched controls, Allen et al. (2018) also found a CMI-associated deficit in immediate memory. Moreover, the authors provided evidence that selfreported pain scores were negatively correlated with delayed recall performance as measured by a modified Rey Auditory Verbal Learning Test (Schmidt, 1996) .
However, these previous cognitive assessments utilized modified versions of original neuropsychological instruments (i.e., the Stroop task was presented in a single, computerized trial containing both congruent and incongruent stimuli; the RAVLT was administered in visual format over the Internet). While impairments have been detected on these experimental research tasks, it is not well understood whether these effects are detectable on standardized clinical assessment tools. Klein, Hopewell, and Oien (2014) previously found that the performance of two CMI adult cases was generally within normal limits across a battery of standardized clinical instruments. Unfortunately, the case study design, exclusively male gender, and military combat background (including likely posttraumatic stress disorder) restrict the generalizability of these findings. In a larger cohort of pediatric cases, Lacy, Ellefson, DeDios-Stern, and Frim (2016) reported deficits in working memory and self-regulatory aspects of executive function. However, these impairments were based on a standardized clinical parent-report questionnaire rather than objective patient testing. Thus, there remains uncertainty in the literature as to whether CMI is associated with cognitive deficits that are observable via a standardized assessment that could be easily incorporated into a clinical care protocol. By establishing such deficits, it may lead to a greater prevalence of patients receiving clinical care to address cognitive deficits in CMI in addition to surgical intervention and pain management protocols.
The aim of the current study was therefore to evaluate cognitive performance using a standardized clinical instrument to determine whether: (Aim 1) cognitive effects in CMI can be detected upon Figure 1 . T1-weighted midsagittal presentation of (a) a healthy participant and (b) a CMI patient. This document is copyrighted by the American Psychological Association or one of its allied publishers.
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standardized clinical instruments, and (Aim 2) whether cognitive deficits assessed via a clinical tool are the direct result of CMI pathophysiology or the indirect consequence of pain and related factors.
To address Aim 1, we report the results of 18 CMI patients, and 18 age-and education-matched controls tested on the five domains (immediate memory, visual construction, attention, language, and delayed memory) of the Repeatable Battery for the Assessment of Neuropsychological Status (RBANS, Randolph, Tierney, Mohr, & Chase, 1998) . To address Aim 2, we also examined whether group differences in cognitive performance were independent from pain and related factors using forward regression. We hypothesized that CMI patients would demonstrate significant deficits in RBANS performance, particularly for the domain of attention, compared to matched controls. Furthermore, based on the results of Allen et al. (2014) , it was hypothesized that while pain and related symptom variables would largely account for group differences in RBANS performance, group differences in attention would be independent from pain and related symptom variables.
To complete our investigation of cognitive effects, we also examined the relationship among RBANS and symptom variables with morphometric measures derived from structural magnetic resonance images (MRI). Past research has shown that several brain-based morphometric measures can distinguish CMI patients from controls (e.g., Houston et al., 2018b) . Furthermore, Novegno et al. (2008) found that language difficulties in 10 pediatric CMI patients were associated with the extent of tonsillar herniation. However, to the best of our knowledge, no past research has reported the relationship between morphometric measures in CMI and standardized cognitive performance, particularly in an adult population. We therefore hypothesized that a high-resolution survey of cerebellar and brainstem morphology would identify radiographic features that significantly correlated with the severity of cognitive effects (i.e., RBANS), and pain and related symptoms.
Method and Materials

Participants
Eighteen CMI patients and 18 pair-matched healthy controls were equated by age, gender, and education. Healthy controls comprised a convenience sample recruited from within a university population and the local community using a laboratory database of healthy controls and supplemented by flyers. CMI patients were recruited during presurgical consultation and were diagnosed with CMI by a neurosurgeon specializing in decompression surgery (either MGL or SV). All CMI participants were determined to be surgical candidates and were not using opioids at the time of assessment. MR images for two CMI patients were not available as these individuals were unable to complete the scan protocol prior to surgery. As a result, their matched controls were also not scanned, leaving two groups of 16 participants available for brain morphology analysis. All participants provided additional selfreport (MPQ and DASS, see below), behavioral (emotional expression identification), and neurophysiological (electroencephalogram) data that has been reported in Houston et al. (2018a) .
Self-Report Measures
Pain, mood disturbance, and neck pain-related disability are common symptoms of CMI. To examine the relationship between these symptoms and cognitive function, participants completed three standardized clinical self-report questionnaires: the ShortForm McGill Pain Questionnaire (MPQ); Depression, Anxiety, and Stress Scale (DASS); and Neck Pain Disability Index Questionnaire (DIQ).
Short-Form McGill Pain Questionnaire. The MPQ (Melzack, 1987 ) is a widely used self-report pain questionnaire that yields a total pain score, as well as continuous, intermittent, neuropathic, and affective pain subscales. Across 15 statements, participants rate their experience of pain on a Likert scale (i.e., 0 ϭ none to 5 ϭ worst possible), with higher scores associated with more severe pain.
Depression, Anxiety, and Stress Scale. The DASS consists of 21 items, surveying respondents' experience of symptoms of depression, anxiety, and stress (Henry & Crawford, 2005) . Items are rated from 0 -3, with 0 ϭ does not apply to me at all to 3 ϭ applies to me very much. Higher scores reflect greater levels of subjective distress.
Neck Pain Disability Index Questionnaire. The DIQ is a widely used measure of head and neck pain disability (Fairbank, Couper, Davies, & O'Brien, 1980) . Respondents rate their level of performance in 10 domains (e.g., pain intensity, work, driving) on a scale from 0 -5, with 0 ϭ no impairment and 5 ϭ severe impairment. Higher scores indicate greater disability.
Chiari Symptom Profile (CSP). In addition to the battery of generic outcome measures, a disease-specific outcomes scale was also utilized. The CSP is a Chiari-specific scale, assessing aspects of the disease and treatment outcomes upon 57 items on a 0 -4 scale (Mueller & Oro', 2013) . Higher scores reflect more significant disability.
Cognitive Measure
The RBANS was originally developed as a screening tool for dementia in the elderly (Randolph et al., 1998) . Due to its brevity (approximately 30 min to administer) and clinical utility, the instrument has subsequently been applied to the assessment of cognitive status across a range of acquired (McKay, Casey, Wertheimer, & Fichtenberg, 2007; Wagle et al., 2011) , progressive neurological (Beatty et al., 2003; Beglinger et al., 2010; Duff et al., 2008) , and neuropsychiatric conditions (Zhang et al., 2015) . The RBANS consists of 12 subtests assessing five cognitive domains: attention, language function, visuospatial skills, and immediate and delayed memory. The five subscales also contribute to a total score of overall cognitive functioning. RBANS norms are available to transform the raw total score and index scores into standard scores (M ϭ 100, SD ϭ 15), with higher scores reflecting superior cognitive performance. For the present study, meaningful cognitive deficits were considered to be at least one and a half standard deviations below the matched control means.
Brain Morphology Analysis Approach
T1-weighted Anatomical MPRAGE scans took place at the Mellen Center of the Cleveland Clinic on a Siemens 3T TIM Trio This document is copyrighted by the American Psychological Association or one of its allied publishers.
scanner with a standard 12-channel head coil (Siemens Medical Solutions, Munich, Germany). The image sequence was taken in the sagittal plane using a 256 ϫ 256 matrix and field of view, 160 slices of 1.2-mm thickness, TE ϭ 2.98 ms, TR ϭ 2,300 ms, and TI ϭ 900 ms. Measurements were taken by a single operator trained in morphometric analysis (NJA) using participants' midsagittal MR images and subsequently verified and corroborated by a second operator (JRH). Midsagittal selection was based on the visibility of three out of four structures in the midsagittal plane: (a) the genu of the corpus callosum, (b) the splenium of the corpus callosum, (c) the pituitary infundibulum, and (d) the cerebral aqueduct. Measurements were taken using custom software (see Houston et al., 2018b) developed in MATLAB (MathWorks, Natick, MA). Selection and validation of measurement methods was conducted by a board-certified neuroradiologist (JRB) with experience in neuroimaging and CMI. In total, 27 measurements were performed that reflect the structural abnormalities of the cerebellum, posterior cranial fossa (PCF), clivus bone, and odontoid process (see Houston et al., 2018b; Urbizu et al., 2014) . Table  1 provides measurement descriptions and abbreviations that correspond to example measurements in Figure 2 .
Procedure
Upon obtaining informed consent, participants completed the MRI scan and assessment session within an average of 1 week of each other. The assessment session took place on the campus of the University of Akron, in a well-lit and noise dampened room. A member of the research team trained in neuropsychological assessment (JRH) guided participants through the symptom scales and then administered the RBANS assessment. All participants were compensated $100.00 for their time and were permitted to keep copies of their image sequences for personal use. This project was approved by the local institutional review board of the University of Akron and the Cleveland Clinic, and performed in accordance with the ethics committee guidelines of both institutions.
Data Analysis Plan
All analyses were performed in R v3.4.1 (R Core Team, 2013) . Analyses of RBANS scales and midsagittal brain morphology were performed using Student's t tests for group differences and Pearson correlations (Tabachnick & Fidell, 2007) . Due to severe departures from normality for the symptom scales, analyses incorporating symptom scales were performed using Wilcoxon's rank sum tests for group comparisons and Spearman correlations. The magnitude of group differences for all comparisons were assessed using Cohen's d. Statistically significant correlations were followed up in forward stepwise multivariate linear regression.
Results
Eighteen CMI patients ranging in age from 17-57, and 18 age-, gender-, and education-matched healthy controls were recruited for this study (see Table 2 ). On the CSP, the CMI patients reported significantly elevated subjective symptoms compared to healthy controls, including greater headaches and neck pain. Both participant groups had higher levels of education (14 years) than the normative sample (ϳ12 years) of the RBANS (Randolph et al., 1998) . Patients in the CMI group routinely exceeded the 5-mm tonsillar descent threshold (M ϭ 12.4 mm, SD ϭ 4.9 mm) recommended for a clinical diagnosis. Four CMI patients (22.2% of the sample) exhibited concurrent syringomyelia on neuroimaging.
CMI participants were able to complete all aspects of the RBANS instrument and required no modification of task administration. Furthermore, as the different indices of the RBANS were conormed, performance between cognitive domains can be easily and reliably compared with one another. This is often not the case in clinical practice, wherein different instruments are used to examine various cognitive domains.
Group Differences in RBANS Performance
In general, CMI patient performance in individual domains and overall cognitive performances fell at the lower end of the "average" range, while the overall performance of the control group fell at the upper limits of the "average" range, as based on the instrument's normative data (Randolph, 1998) . After adjusting the critical p-threshold (i.e., Bonferroni correction) to 0.008 (0.05/6) to control for family-wise error, between-groups comparisons identified CMI-related deficits in attention, immediate memory and delayed memory, and total score. There were no group differences in visuospatial skills or language function (see Table 3 ).
These cognitive deficits were also apparent when examining the percentage of CMI patients exhibiting RBANS scores of at least 1.5 standard deviations below the mean of the control participants (i.e., suggesting at least mild cognitive impairment). Specifically, 39% (7/18) of CMI patients fell below 1.5 standard deviations for attention and delayed memory, and 44% (8/18) of CMI patients exhibited deficits exceeding 1.5 standard deviations for immediate memory. Moreover, 50% (9/18) of CMI patients exhibited a total score that was at least 1.5 standard deviations below the mean control total score. To provide additional context, only 11% of attention scores, 6% of delayed memory scores, 17% of immediate memory scores, and 6% of total scores fell below these thresholds in control participants.
Symptoms and RBANS Performance
After adjusting the critical p-threshold to 0.01 (0.05/5), CMI patients endorsed significantly higher levels of pain and disability (see Table 3 ). Average values for the DASS were all subclinical and did not significantly differ between CMI patients and healthy controls (Lovibond & Lovibond, 1995) .
Correlations between clinical symptoms and RBANS scores for measures that indicated group differences are presented for the full sample of CMI patients and healthy controls in Table 4 . The critical p-threshold was adjusted (i.e., Bonferroni correction) to 0.003 (0.05/15) to control for family-wise error. Greater pain was associated with lower visuospatial, delayed memory, and lower total scores. Disability indirectly correlated with immediate memory, attention, delayed memory, and total scores.
Symptom Impact on RBANS Group Differences
To determine whether group differences in attention, immediate and delayed memory, and total scores could be accounted for by individual differences in self-reported pain or disability, multivarThis document is copyrighted by the American Psychological Association or one of its allied publishers.
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iate regression analyses were performed. Because of the strength of relationships between RBANS scores and these symptoms, multiple regression analyses were chosen to control for symptom effects rather than analyses of covariance. Additionally, due to our limited sample size and concerns regarding overfitting, we calculated several two predictor models rather than enter both symptom variables into more complex models with group membership. Group membership was entered at the first step, and a single This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
symptom variable (pain or disability) at the second step (see Appendix A for all regression results). In each model, the parameter of interest was group membership. If group member remained significant after controlling for each of the symptom variables at p ϭ .013 (0.05/4), this provided preliminary evidence that the observed cognitive effects had a more direct relationship with CMI pathophysiology rather than an indirect relationship with CMI via the damaging effects of pain and related disability.
With pain in the model, there were no longer unique group effects for immediate, b ϭ Ϫ11. 84, t(33) 
Group Differences in Midsagittal Brain Morphology
Twenty-seven morphometric measurements were taken on 16 CMI patients and 16 control participants. To control for familywise error, a Bonferroni-corrected alpha threshold of 0.002 (0.05/ 27) was applied. Due to imaging artifacts, not all measurements were available for all individuals. As a result, pairwise deletion was used for individual comparisons and measurement correlations. Descriptive statistics, t-tests, and effect size estimates for all morphometric measurements are presented in Table 5 .
In addition to group difference in the extent of tonsillar descent, six other morphometric measurements yielded significant group differences. In the posterior cranial fossa (PCF) compartment, the fastigium, pons, and inferior aspect of the corpus callosum sat lower in CMI patients relative to the McRae line (i.e., the midsagittal line across the foramen magnum). CMI patients also exhibited smaller PCF osseous areas relative to control participants and a more horizontally oriented clivus bone relative to control participants as indicated by a greater Boogard angle. Beyond the PCF compartment, CMI patients also presented shorter intracranial heights relative to controls.
Though not remaining significant after family-wise error correction, the large effect sizes of four additional measurements in the PCF compartment are worth noting. There was a trend for a shorter clivus length and a smaller PCF area relative to the intracranial area in CMI patients. There was also a tendency for CMI patients to have a smaller distance from the McRae line to the superior projection of the axis bone (i.e., basilar impression). Note. Mean and standard deviations represent scale scores for associated scales. SD ϭ standard deviation. Significant group differences are presented in bold. This document is copyrighted by the American Psychological Association or one of its allied publishers.
Finally, CMI patients also exhibited a tendency for a narrower Wackenheim angle, echoing the Boogard angle results that indicated a more horizontal clivus bone.
In an initial effort to address whether the observed group differences in macrolevel in brain morphology were associated with cognitive function or symptomology, two series of correlations were conducted for the 36 participants for which there were available self-report and morphometric data (see Appendix B and Appendix C for correlation tables).
Brain Morphology and Symptomatology Correlates
To reduce the chance of family-wise error, Spearman correlations only included the seven morphometric measures that significantly differed between CMI patients and control participants. After applying a Bonferroni-corrected alpha threshold of 0.007 (0.05/7) for each RBANS domain, greater tonsillar descent correlated with increased pain ( ϭ 0.51, p ϭ .003) and disability ( ϭ 0.60, p Ͻ .001). Lower fastigium heights were also correlated with greater disability ( ϭ Ϫ0.55, p ϭ .001).
Brain Morphology and Cognitive Correlates
Pearson correlations between morphometric measures and RBANS scale scores yielded three significant associations at the corrected p-threshold of 0.007. Greater tonsillar descent was correlated with worse delayed memory performance ( ϭ Ϫ0.49, p ϭ .005). Greater PCF osseous areas were associated with better attention performance ( ϭ 0.54, p ϭ .002), and better total score ( ϭ 0.50, p ϭ .004).
Discussion
The current study examined cognitive performance using a standardized clinical instrument, while concurrently controlling for the impact of pain, disability, and related affective symptoms known to impact cognitive function. To further our understanding of the deficit pattern in CMI, the current study also examined the relationship between clinical symptoms, cognitive status, and cerebellar and brainstem morphology. Below these findings are reviewed in the context of the current CMI literature.
Overview of Symptom and RBANS Results
As predicted, CMI patients reported significantly greater levels of pain and affective symptoms compared to control participants.
Standardized neuropsychological assessment using the RBANS also revealed deficits in immediate and delayed memory, attention, and the total score, relative to healthy controls. Also as hypothesized, group effects for attention largely remained after parsing the effects of pain and psychological distress. The exception to this pattern of effects was observed for disability. After controlling for disability, no group differences were observed for any RBANS subscales. This is likely due to the strong collinearity between CMI status and DIQ disability in our current sample ( ϭ 0.70). That is, since group and disability were so highly collinear (likely due to the disability measure including a concentration component), the regression models likely overestimated the impact of disability on the relationship between cognitive measures and group membership.
By contrast, the group effects for immediate and delayed memory were accounted for by pain and disability effects. Together, the analysis of RBANS outcomes in the context of self-reported symptoms provides early evidence that deficits in attention are more likely to have a direct relationship with CMI pathophysiology, while CMI-related deficits in memory are at least partially associated with CMI-related pain and associated disability.
These findings lie in agreement with an earlier examination of cognitive status in CMI. In an independent sample of CMI patients evaluated using a nonstandardized, experimental measure of memory function, Allen and colleagues previously demonstrated that perceived memory deficits were related to anxiety and depression (Allen et al., 2014 ; although see Garcia et al., 2018) . In their case study of two adults, Klein et al. (2014) also reported preserved memory function, although they did not perform any formal statistical analysis of the impact of the collected psychological outcomes on cognitive function. In terms of attention function, deficits have also previously been reported in a single case study (Del Casale et al., 2012 ) and a small case-controlled series of 10 adults (Kumar et al., 2011) , though neither study made attempts to control for the impact of pain and related affective symptoms.
The deficits in our CMI sample also share characteristics with the cognitive deficits observed by Schmahmann and Manto in their work on cerebellar cognitive affective/Schmahmann's syndrome (CCAS; Manto & Mariën, 2015; Schmahmann, 2001; Schmahmann & Sherman, 1998) . For example, Schmahmann and colleagues recently validated a scale intended to assist in the identification of CCAS (Hoche, Guell, Vangel, Sherman, & Schmahmann, 2018) . In their approach, the authors utilized a multiple of standardized neuropsychological assessments and This document is copyrighted by the American Psychological Association or one of its allied publishers. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly. Table 5 Descriptive .003
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identified deficits in the executive control of attention and memory, phonemic and semantic fluency, and complex visuospatial function. These effects were observed in both participants with pathologies confined to the cerebellum and those with cerebrocerebellar disease. Moreover, cognitive deficits were not reliably correlated with motor deficits in their sample. The CM patients in the present study exhibited deficits in attention and memory that would be consistent with many of the findings of Hoche, Guell, Vangel, Sherman, and Schmahmann (2018) . Yet, there were no reliable deficits in the RBANS language and visuospatial subscales. The inconsistencies between the language and visuospatial deficits in CMI and CCAS most likely stem from the component regions in the posterior cerebellum that are most commonly affected in CMI and CCAS. Further investigation is needed to establish the intersection of the cognitive profiles, symptom manifestations, and neural physiology between the two conditions. Attempts to score and interpret performance utilizing the standardized norms provided by the RBANS test developers was less successful than anticipated. Specifically, the current sample of CMI patients exhibited greater levels of educational attainment compared with the normative sample, raising concerns that standardized normative data may underestimate the extent of cognitive impairment present. For example, while our CMI patients exhibited attention index scores 0.76 standard deviations below the RBANS normative data, the CMI patients' attention index scores were 1.47 deviations below the education-matched controls participants. The impact of socioeconomic status in this patient population has been previously noted (Krucoff et al., 2017) and in at least some cases it is recommended to interpret the neuropsychological test performance of CMI patients using norms that are both age-and education-corrected (Duff et al., 2003) .
Overview of Brain Morphology Results
As predicted, we identified several morphometric features that differed between CMI patients and controls. These results suggest that CMI is characterized by shorter PCF structures in relation to the foramen magnum as measured by the McRae line. The results also suggest that this shortening was potentially due to the horizontal orientation of the clivus bone as seen in platybasia. By comparison, the occipital bone and tentorium, both measures of posterior PCF structures, showed similar lengths in CMI patients and controls. Furthermore, the tentorium angle, a measurement of the posterior PCF angulation, also did not differ between CMI patients and control participants. These results closely replicate the recent findings of Houston et al. (2018b) , which examined brain MR images in a case-control morphometric study, as well as several additional investigations (Aydin, Hanimoglu, Tanriverdi, Yentur, & Kaynar, 2005; Biswas et al., 2019; Botelho & Ferreira, 2013; Dufton, Habeeb, Heran, Mikulis, & Islam, 2011; Karagöz, Isgi, & Kapíjcíjoglu Sencer, 2002; Nishikawa, Sakamoto, Hakuba, Nakanishi, & Inoue, 1997; Taştemur, Sabanciogullari, Salk, Sön-mez, & Cimen, 2017; Urbizu et al., 2017; Yan et al., 2016) .
To gauge the clinical relevance of the abnormal midsagittal measurements, we examined the relationship between morphometric features that differed between groups and outcomes on the symptom scales and RBANS. Group differences in pain correlated with lower tonsillar position and group differences in disability were associated with lower tonsillar position and fastigium heights. Group deficits in attentional performance and RBANS total score were correlated with smaller PCF osseous areas. Finally, group differences in delayed memory performance were associated with lower tonsillar position. Reduced PCF area is thought to be one of the main reasons that the cerebellar tonsils descend into the cervical spine area in CMI (Badie, Mendoza, & Batzdorf, 1995; Bejjani, 2003; George & Higginbotham, 2011; Milhorat et al., 1999; Urbizu et al., 2014) , although uncertainty persists regarding the relationship between presenting symptoms and tonsillar herniation (Khalsa et al., 2018; Smith et al., 2013) . Overall, these data providing preliminary evidence that CMI symptom severity and components of cognitive function may be associated with distinct brain morphologies as measured by structural MRI.
Limitations and Future Directions
We acknowledge the limitations of this study. First, while the size of the CMI group was an improvement over prior case studies (Del Casale et al., 2012; Klein et al., 2014; Mahgoub, Avari, & Francois, 2012) and small cross-sectional cohorts (Kumar et al., 2011) that have tended to characterize past research (although see Garcia et al., 2018) , the final CMI sample was relatively modest and comprised primarily of female participants due to the considerable difficulty to recruit male CMI patients. Stemming from these sample size limitations, Bonferroni corrections were applied to the statistical analyses and the sample may have been underpowered for the number of planned comparisons (Dupont, 1988) . Future research on sizable case-controlled series is recommended (Riva, Usilla, Saletti, Esposito, & Bulgheroni, 2011) . Larger cohorts may also facilitate analyses of other variables that may potentially impact cognitive status, including age, disease duration, and treatment (e.g., before and after decompression surgery). However, while the present sample was relatively small, it was comprised entirely of "a priori" CMI participants presurgically screened by a neurosurgeon (SGV or MGL) to be candidates for decompression surgery-and none of the present participants were prescribed opiates for pain remediation that might affect cognitive performance.
Second, the higher level of education (14 years) in the current sample may not be representative of other cohorts. While Allen et al. 2014 previously reported on a CMI group with an average of 15 years of education, the only other published sample of CMI participants that included educational achievement information was a case report of a woman with 12 years of education (Mahgoub et al., 2012) . Greater reporting of demographic variables, including educational and occupational history, is encouraged in future research, to better appreciate typical patient characteristics, and to inform decision making regarding the appropriateness of comparison with standardized normative data. Indeed, there has been some concern about interpreting borderline scores such as those that we observed in our CMI patients in comparison to the normative data. Yet, when compared with a similarly aged and educated sample of controls, deficits were apparent. There was also no examination of executive function in the RBANS fixed battery assessment. Evidence to date suggests CMI may have some cognitive specificity with respect to executive dysfunction Rogers, Savage, & Stoodley, 2018) . Finally, while common in clinical practice (Lezak, Howieson, Bigler, & This document is copyrighted by the American Psychological Association or one of its allied publishers.
Tranel, 2012), the mixed battery approach of the RBANS increases the probability that any one test result will be significant due to random variation and decreases the dependability of comparisons between tests due to inequivalent norming processes (Russell, Russell, & Hill, 2005) . Further replications efforts are needed to establish the dependability of the observed cognitive deficits. Third, due to laboratory personnel constraints and the need for personal correspondence for the purpose of scheduling, the RBANS tester (JRH) was not blind to CMI diagnosis. In an effort to limit expectation biases, interactions during the RBANS were constrained to the standardized assessment dialogue except for where clarification of directions was needed.
Conclusion
In symptomatic CMI cases, the focus of treatment has typically been on the alleviation of pain, and sensory and motor disturbance. The neuropsychological aspects of CMI have received limited attention during the course of clinical care, despite increasing evidence of the cognitive effects of the condition. While it appears that learning and memory deficits can be better explained by the presence of pain and associated disability, patients with CMI also exhibit robust deficits in attention function, relative to either standardized normative data or matched control participants. Significantly, this study has demonstrated that a routine clinical instrument is sufficiently sensitive to detect these attention deficits, and the development and monitoring of individualized treatment regimens is encouraged to incorporate standardized assessment of cognition. Finally, preliminary evidence suggests a relationship between the extent of structural abnormalities in the PCF, namely tonsillar herniation, and self-reported symptomatology and cognitive function. However, the majority of morphometric brain measures were not strongly associated with subjective symptomatology or cognitive function, and future research is encouraged to explore alternate structural and functional techniques for elucidating the pathophysiological basis of CMI symptomatology. Note. Bolded group effects indicate significance after controlling for the associated symptom variables.
Regression Analyses Examining RBANS Group Effects After Controlling for Symptom Scales
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Appendix B Spearman Correlations Between Symptoms and Morphometric Measures That Differed Between Groups
